Prior studies have demonstrated lower all-cause mortality in individuals who are overweight compared with those with normal body mass index (BMI), but whether this may come at the cost of greater burden of cardiovascular disease (CVD) is unknown.
O verweight and obesity are highly prevalent in the United States, have increased dramatically over the past 3 decades, and affect approximately 2.1 billion adults worldwide. 1, 2 In recent years, controversy about the health implications of overweight status (ie, body mass index [BMI, calculated as weight in kilograms divided by height in meters squared] of 25.0 to 29.9) has grown, given findings of similar or lower all-cause mortality rates in overweight compared with normal-weight groups. 3, 4 However, current studies have not taken into account the age at onset and duration of cardiovascular disease (CVD), limiting the ability to account for proportion of life lived with CVD morbidity in individuals who are overweight and obese compared with normal weight. This is especially important because disease burden associated with development of CVD results in less healthful years of life, poorer quality of life, and increased health care expenditures. 5, 6 Estimates of lifetime risk of CVD offer a more comprehensive assessment of the overall burden of CVD morbidity in the general population, allow adjustment for competing risks (eg, noncardiovascular mortality), and can help guide public health policy regarding weight guidelines by offering projections of the overall burden of CVD by weight status in the population. Such estimates are especially important given competing risks of concomitant non-CVD morbidity seen with excess weight. Upward shifts in the prevalence of obesity in the past several decades, including continued increases among adolescents, raise concern for future population-level burden of cardiovascular morbidity and mortality associated with excess weight. [7] [8] [9] Our objectives were to calculate lifetime risk estimates of incident total CVD and subtypes of CVD and to estimate years lived with and without CVD by weight status in adults (aged 20 to 89 years). We hypothesized that compared with normal BMI, overweight would be associated with greater lifetime CVD risk even after consideration of competing risks from non-CVD death, fewer years lived free of CVD, and greater lifeyears lived with CVD.
Methods
The Cardiovascular Disease Lifetime Risk Pooling Project 10 collected and pooled individual-level data from numerous longitudinal population-based cohort studies conducted in the United States over the past 7 decades. This pooling approach offers the opportunity to calculate estimates of lifetime risk of CVD events and estimates of years lived free of CVD according to age and BMI categories, which would not be feasible within 1 data set alone. It includes participants free of clinical CVD across the life course from young adulthood to older adulthood, with nearly 100% complete follow-up for vital status. We included data from participants who were free of clinical CVD at baseline from the following 10 prospective cohort studies in the Cardiovascular Disease Lifetime Risk Pooling 21 All included cohorts represented community-based or population-based samples with at least 1 examination that included direct measurement of weight and height, at least 10 years of follow-up, and surveillance and adjudication for all subtypes of cardiovascular events of interest (ie, fatal and nonfatal myocardial infarction, fatal and nonfatal stroke, congestive heart failure [HF] , and cardiovascular death) and noncardiovascular death (eMethods in the Supplement). This included 190 672 person-examinations across the life course, with 3.2 million person-years of follow-up until 2015. Individual participants were stratified by index age groups (young, aged 20 to 39 years; middle-aged, aged 40 to 59 years; and older, aged 60 to 79 years), sex, and BMI strata. All data were deidentified, and all study protocols and procedures were approved by the institutional review board at Northwestern University with a waiver for informed consent.
The protocols used to obtain data on demographic characteristics, physical examination results, laboratory results, and follow-up procedures for ascertainment of vital status and events for all cohorts have been previously published (eMethods in the Supplement). 10 Height, weight, blood pressure level, fasting glucose level, and total cholesterol level were measured directly in all participants; smoking status was selfreported. Incident cardiovascular events were ascertained with the use of strategies selected by each cohort's investigator group. Nonfatal CVD events of interest included myocardial infarction, stroke, and HF, and fatal events were stratified as death caused by CVD, coronary heart disease (CHD), or non-CVD events. All statistical analyses were performed with SAS version 9.2 (SAS Institute) and R version 3.1.2 (The R Foundation). For calculation of lifetime risk, we used a modified KaplanMeier analysis, which accounts for competing risks for non-CVD death, as previously described. 22, 23 In brief, the modified Kaplan-Meier analysis accounts for fatal events from
Key Points
Question What is the association of body mass index with cardiovascular disease (CVD) morbidity and mortality?
Findings In this population-based study, overweight and obesity were associated with significantly increased risk for CVD. Obesity was associated with shorter longevity and a greater proportion of life lived with CVD; overweight was associated with similar longevity as normal weight but at the expense of a greater proportion of life lived with CVD.
Meaning These results provide critical perspective on CVD associated with overweight and obesity and challenge both the obesity paradox as well as the view that overweight is associated with greater longevity.
non-CVD causes as a separate end point rather than a censoring event. Rates of CVD death, CHD, HF, and stroke were calculated for each index age group to age 95 years, or the oldest age with robust person-time, to estimate lifetime risk of total CVD. We calculated cumulative risk for CVD events and non-CVD death by BMI strata in age-stratified and sex-stratified analyses. We determined the proportion of incident first events (CVD event or non-CVD death) that occurred during the follow-up time. In these analyses, the occurrence of one type of event precluded consideration of another CVD event or non-CVD death event in that participant. We used the data augmentation method as described by Lunn and McNeil 24 to fit
Cox proportional hazard models to estimate hazard ratios for all CVD events combined compared with non-CVD death as the first event within BMI strata. In separate analyses, we used the method described by Fine and Gray 25 to estimate the competing hazards for each CVD event (ie, CHD, HF, stroke, and other CVD death) and non-CVD death by BMI strata and adjusted for age, race/ethnicity, and smoking status. In addition, we performed sensitivity analyses for estimating hazards in nonsmokers. The mean survival time or years lived free of CVD, with CVD, and overall were estimated using the Irwin restricted mean to assess differences in compression of morbidity by BMI strata.
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Results
A total of 190 672 person-examinations were included in the pooled cohort, of whom 23 331 (12.2%) were African American. As expected, older adults had a higher prevalence of diabetes and hypertension treatment and higher mean total cholesterol levels, whereas younger adults had a higher rate of smoking ( Table 1) . The proportion of adults in the underweight and morbidly obese groups was relatively small, ranging from 0.3% to 6.6%. Approximately two-thirds of adults were in the normal or overweight BMI categories. Baseline characteristics by BMI strata for young, middle-aged, and older adults are in eTables 1, 2, and 3, respectively, in the Supplement, with a higher prevalence of diabetes in the overweight and obese categories in all age groups. Only 233 participants (0.1%) died within the first 6 months of follow-up.
Lifetime Risks for Cardiovascular Events and Noncardiovascular Death by BMI Strata
During 856 523 person-years of follow-up in middle-aged adults (index age, 40-59 years), there were 7136 incident fatal or nonfatal myocardial infarctions, 3733 incident fatal or nonfatal strokes, 4614 diagnoses of incident congestive HF, and a total of 13 457 incident CVD events. Among middle-aged men, unadjusted rates of incident CVD events per thousand personyears were 13.72, 15.53, 20.21, and 30 .15 in normal BMI, overweight, obese, and morbidly obese categories, respectively. In general, unadjusted rates of CVD were higher in men and women who are overweight and obese in all 3 age groups (eTables 1, 2, and 3 in the Supplement). Among middle-aged men and women, adults who are overweight and obese had a higher cumulative lifetime risk of incident CVD events and CVD death compared with adults with normal BMI (Figure 1 ; eFigure 1 in the Supplement). The findings were similar in older adults (eFigure 2 in the Supplement). In young men and women, the findings were similar, with increased lifetime risk of incident CVD events in adults in the obese and morbidly obese groups but not in adults in the overweight group (eFigure 3 in the Supplement). There were marked differences across age and BMI strata in the patterns of lifetime risk of non-CVD death. Overall, 10 136 non-CVD deaths (40.8%) were related to cancer (eFigures 1, 2, and 3intheSupplement).
Competing Risks of CVD Morbidity and Non-CVD Mortality by BMI Strata
The proportions of middle-aged adults who experienced incident CVD or non-CVD death stratified by sex and BMI groups are shown in Table 2 . Incident CVD events occurred in more middle-aged men and women in overweight (37% and 28%, respectively), obese (47% and 39%), and morbidly obese (65% and 48%) strata compared with adults in the normal BMI group (32% and 22%). Adjusted competing hazard ratios (by the Lunn and McNeil method 24 ) for experiencing a CVD event compared with non-CVD death were greater in higher BMI categories and were greatest in the morbidly obese category in middle-aged men and women, predominantly because of a greater proportion of CHD and HF events. In addition, greater all-cause mortality in higher BMI categories occurred at the expense of a greater proportion of deaths from cardiovascular causes in middle-aged men and women who are overweight and obese (eTable 4 in the Supplement). Similar patterns were seen in younger and older adults (eTables 5 and 6 in the Supplement). Adjusted competing hazard ratios (by the Fine and Gray method 25 ) for incident events in middle-aged men and women by BMI strata are shown in Table 3 . Middle-aged men and women who are overweight, obese, and morbidly obese had significantly higher hazard ratios for incident CVD events compared with normal BMI, ranging from 1.21 to 3.14 across BMI categories. Among CVD subtypes, higher BMI was associated with greatest hazard ratios for incident HF. The adjusted competing hazard ratios of incident CVD events per unit of BMI in middle-aged men and women were 1.05 (95% CI, 1.05-1.06) and 1.05 (95% CI, 1.04-1.05), respectively. In addition, when examining only fatal events, risk of CVD death was significantly higher in excess BMI categories compared with normal BMI (eTable 7 in the Supplement). Similar increased hazard ratios of incident CVD events are seen in young and older men and women in excess weight BMI categories compared with normal BMI (eTables 8 and 9 in the Supplement). Sensitivity analysis in nonsmokers demonstrated similar patterns, with increased risk of CVD in excess weight BMI categories in all age groups (data not shown).
Years Lived Free of and With CVD
In middle-aged men, overall survival time was similar in the normal BMI (29.1 years) and overweight (29.3 years) groups and was significantly shorter in the obese (27.2 years) and morbidly obese (23.4 years) groups (eTable 10 in the Supplement). In middle-aged women, overall survival was longest in the normal BMI category (33.2 years) compared with women in higher BMI categories (overweight, 31.8 years; obese, 29.8 years; and morbidly obese, 27.2). Cardiovascular diseasefree years were similar in middle-aged men in the normal BMI and overweight groups and were longer than men who were obese ( Figure 2 ). Years lived free of CVD were greater in middleaged women with normal BMI compared with women who were overweight or obese. Average years lived with CVD in middle-aged men and women were shortest in the normal BMI group compared with adults in higher BMI groups, resulting in relative compression of morbidity. Normal BMI significantly delayed the incidence of CVD in middle-aged men and women by an average of 7.5 and 7.1 years, respectively, compared with men and women with morbid obesity. In addition, on average, men and women with normal BMI lived 5.6 and 2.0 years, respectively, longer compared with men and women with morbid obesity, resulting in a significant relative and absolute compression of morbidity. Overall similar patterns were seen in younger and older men and women (eTable 4 and eFigures 4 and 5 in the Supplement).
Discussion
In this large study of US adults free of clinical CVD at baseline, lifetime risk for incident CVD was high for all adults and was greater in adults who were overweight and obese. Adults who were obese had an earlier onset of incident CVD, a greater proportion of life lived with CVD morbidity (unhealthy life years), and shorter overall survival compared with adults with normal BMI. In addition, the proportion of adults with incident CVD events (compared with non-CVD death) was significantly higher in adults who were overweight or obese compared with adults in the normal BMI group. Overweight and obesity were associated with increased hazards of incident CVD event after adjustment for competing risks of non-CVD death across all index age ranges. The results of this study build on prior research from the Cardiovascular Disease Lifetime Risk Pooling Project 10 highlighting marked differences in lifetime risks of CVD and further highlight the importance of consideration of BMI as a risk factor for diminished healthy longevity and greater overall CVD morbidity and mortality.
22,27 Overweight status and obesity were associated with higher risk of incident CVD overall and subtypes of CVD (ie, CHD and HF), which is a finding of considerable public health importance. Our findings are consistent with prior work from the Framingham Heart Study 28,29 and the Atherosclerosis Risk in
Communities study, 30 which demonstrated increased risk of CVD in participants who were overweight and obese. Importantly, we noted the strongest association between BMI categories and HF compared with other subtypes of CVD, with a 5-fold increase in incident HF in middle-aged men with morbid obesity, which has particularly important implications for focusing on weight management strategies for HF prevention. In addition, our findings suggest that earlier occurrence of CVD in those with obesity is most strongly associated with a greater proportion of life lived with CVD and shorter overall survival in adults aged 20 to 59 years at baseline. However, the association of obesity with mortality may change at older ages, which may explain why earlier studies comprising participants from the Rotterdam Study 31 and the US Health and Retirement Survey Study 32 showed no difference in total life expectancy in older men and women with obesity. However, studies from the Framingham Heart Study reported greater differences in years lived free of CVD and total life expectancy in men and women with obesity. 33 The difference between our findings and findings from prior analyses include the ability to stratify by age across the life course (young, middle-age, and older adulthood) and by severity of obesity (obese and morbidly obese) because of the inclusion of 10 large US cohorts with long-term follow-up. While health hazards of obesity have long been recognized, recent studies 3, 4, [34] [35] [36] have spurred controversy about the specific relationship between overweight status and mortality. In a 2013 meta-analysis, 3 the summary hazard ratio (0.94; 95% CI, 0.91-0.96) for total mortality was significantly lower for overweight relative to normal BMI using data from 97 studies and 2.88 million adults. However, several large cohorts and studies [37] [38] [39] [40] [41] [42] were excluded from this meta-analysis, among which a separate analysis demonstrated the lowest mortality in adults with a BMI of 22.5 to 25.0. Further, overweight status was associated with lower number of absolute deaths (−86 094; 95% CI, −151 223 to −10 966) compared with normal BMI in an analysis from the National Health and Nutrition Examination Survey. 4 Among these prior analyses, measurement bias may be present owing to inclusion of selfreported height and weight data. Further, inclusion of participants with comorbidities at baseline, specifically prevalent CVD, may contribute to selection and survival bias because of protopathic bias (reverse causation) related to unintentional weight loss. [34] [35] [36] Finally, follow-up times varied significantly in prior studies. In our study, we were able to leverage longterm follow-up in a large group of adults free of CVD at baseline to estimate risk of incident CVD and associated CVD morbidity (unhealthy years lived with CVD). In addition, we performed stratified analyses of competing event risk adjustment accounting for differing risk for non-CVD death by age, sex, and BMI strata. Assessment solely of all-cause mortality as an outcome measure indicating the presence of an overweight or obesity paradox does not incorporate morbidity and overall disease burden associated with excess weight, which has significant relevance for overall health, fitness, and health-related disability. While we do observe evidence of the well-described overweight and obesity paradox, in which heavier individuals appear to live longer on average after diagnosis of CVD compared with individuals with normal BMI, our data when following up individuals prior to the onset of CVD indicate that this occurs because of a trend toward earlier onset of disease in individuals who are overweight and obese. This false reassurance is akin to the phenomenon of lead-time bias observed in other situations, such as with cancer screening.
35 This is especially important because overweight status has been associated with poorer quality of life, functional impairment, and greater work-related disability. 43, 44 In addition, prior studies 45 have demonstrated that this excess weight-associated morbidity and disability translates into greater health care costs with higher average annual and cumulative Medicare charges (both CVD related and total). Importantly, our study specifically included nonfatal cardiovascular events to incorporate assessment of cardiovascular morbidity and highlight the broad effect of excess weight. Population-based prevalence of obesity among adults in the United States has increased dramatically from the 1980s and 1990s and has subsequently plateaued in the last decade, with current estimates of 35% among men and 41% among women. 7, 46 Trends in overweight, obesity, and extreme obesity through childhood and adolescence have also increased at alarming rates over the past 5 decades. 9 Preliminary data from the US Centers for Disease Control and Prevention demonstrate increases in age-adjusted death rates for the first 9 months of 2015, with relative increases in mortality rates for obesity-related causes of death, including heart disease (1%), stroke (4%), and diabetes (1%). 47 In addition, data published in 2007 also suggest a slowing of reductions in coronary death rates and a growing number of hospitalizations for acute and chronic manifestations of CVD, such as HF. 48, 49 These trends are concerning for very likely future increases in the population-level burden of CVD among adults, including a trend for CVD events to occur at younger ages. The economic implications of direct and indirect medical costs of the overweight and obesity epidemic are enormous, and total health care costs attributable to overweight and obesity are estimated to exceed $800 billion by 2030 if current trends persist.
5,6
Strengths and Limitations
Strengths of our study include the large sample size of adults free of CVD at baseline, direct measurement of height and weight with standardized BMI categories, and extended follow-up with adjudicated CVD events by type and non-CVD death across the life course, which makes the findings robust and generalizable. Additionally, our cohorts included a representative sample of women and African American patients without significant cohort effects on our findings. Limitations of our study include the use of baseline BMI at index ages without accounting for change in BMI across follow-up. However, recent analyses using latent class model trajectories in population-based cohorts highlight that there is significant tracking of BMI from young adulthood to middleage with weight gain in all strata regardless of baseline BMI. 50, 51 In addition, use of BMI does not account for fat distribution or degree of visceral adiposity, but measures of central adiposity were not universally available across our component studies 40, 52 ; however, BMI is the most clinically relevant measure and allows broader generalizability of findings. Additional important outcomes of obesity-related morbidity, such as atrial fibrillation, sleep-disordered breathing, and chronic liver disease, were not ascertained routinely in our cohort studies, and we likely underestimated the overall comorbidity burden of excess weight.
Conclusions
In summary, we present an analysis of data from 190 672 inperson examinations derived from 10 population-based cohorts during a period of more than 50 years. We found that overweight status, in addition to obesity, is associated with significantly increased long-term risk for CVD morbidity in the context of similar or shorter total longevity and a greater proportion of life lived with morbidity compared with normal BMI. These findings were consistent across all index age groups ranging from young to older adulthood (20 to 89 years). Our results provide critical perspective on the cardiovascular disease burden associated with overweight, highlight unhealthy years lived with increased cardiovascular morbidity, and challenge the prevalent view that overweight is associated with greater longevity compared with normal BMI. Overweight does not appear to be associated with significantly greater longevity, and there is greater burden of CVD during that lifespan. Taking a life course perspective, we observe that the obesity paradox (ie, greater longevity after diagnosis of CVD for those who are overweight and obese) appears largely to be caused by earlier diagnosis of CVD. Study of inception cohorts of people at the time of CVD diagnosis would not detect this finding, leading to unclear messaging about the true risks of being overweight.
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